The influence of base metal conditions on the weld cracking behaviour of cast ATI 718Plus ® is investigated by comparing 4 h and 24 h dwell time pseudo-hip homogenisation heat treatments at 1120, 1160 and 1190°C with the as-cast microstructure. Scanning electron microscopy (SEM), X-ray diffraction (XRD) on electrolytically extracted powder and transmission electron microscopy (TEM) were used to identify Nb-rich secondary phases in interdendritic areas as the C14 Laves phase and Nb(Ti) MC-type carbides. All homogenisation heat treatments but the 1120°C 4-h condition dissolve the Laves phase. A repair welding operation was simulated by linear groove multi-pass manual gas tungsten arc welding (GTAW). The Laves phase containing microstructures resulted in lower total crack length for heat affected zone cracking. Constitutional liquation of Nb(Ti) MC-type carbides is observed as a liquation mechanism in Laves-free microstructure, while thick liquid film formation due to the Laves eutectic melting could reduce the formation of weld cracks in microstructures containing the Laves phase.
Introduction
The limiting maximum service temperature of Alloy 718 has in recent years led to the development of derivative alloys with increased thermal stability. One of them is ATI 718Plus ® , providing a 50°C increase in maximum service temperature by using a modified chemistry to favour the formation of gamma prime phase as main hardening precipitate [1] . Initially, the material has been introduced as a wrought material. A cast version is now available as well, which was developed within the Metals Affordability Initiative programme [2, 3] . The development resulted in a modified chemistry of the cast version, which includes an increased amount of Nb of 6.5 wt% as compared with 5.5 wt% in wrought material. The strong segregation present in castings makes them generally less weldable than wrought material; however, when fabricating large structural components for aerospace applications, welding is often a requirement. Furthermore, imperfections from the casting process may be repaired by welding operations instead of costly full replacements. Cast material is commonly put through a homogenisation heat treatment to obtain a more levelled elemental distribution in the microstructure and to dissolve deleterious secondary phases formed during the casting process. For Nb-bearing alloys such as Alloy 718 and ATI 718Plus ® , the brittle Laves phase commonly forms in the interdendritic areas due to Nb segregation. Its low incipient melting point through eutectic reaction can cause formation of liquid at low temperatures. This can lead to the formation of liquation cracks in the heat affected zone (HAZ) during welding [4] . In previous investigations, the effect of homogenisation heat treatments on the weld cracking behaviour of cast ATI 718Plus ® has been investigated, and a positive effect of Nb-rich phases has been reported [5, 6] . The present study aims to provide further insight by advanced microstructural characterisation and identification of the secondary phases present after different homogenisation heat treatments and their effect on weld cracking during repair.
Experimental

Material and heat treatments
The ATI 718Plus ® used in this study was in the form of investment cast plates with dimensions of 150 × 60 × 13 mm. The chemical composition is shown in Table 1 . In the as-cast condition, the material shows a dendritic microstructure with an average grain size of 1300 ± 200 μm as shown in Fig. 1a . In interdendritic areas, blocky Nb-rich precipitates can be observed as bright areas in SEM backscattered electron (BSE) contrast Fig. 1b . The hardness has been measured to 415 ± 5 HV0.5.
Besides the as-cast material, plates were put through different homogenisation heat treatments. As opposed to wrought material, cast materials can generally be subjected to homogenisation temperatures that are well above the dissolution temperature of secondary carbides, since grain growth is not a concern. The reason for such a heat treatment in Nb-bearing alloys is the dissolution of the detrimental Laves phase, which is a remnant from the casting solidification process, where it forms as residual eutectic liquid. This phase is not stable at nominal alloy composition and can hence be dissolved during prolonged high temperature exposure. This study investigated three homogenisation temperatures, 1120, 1160 and 1190°C, with dwell times of 4 and 24 h, respectively. These temperatures lie below, at and above the incipient Laves melting temperature of 1160°C [7] . In an industrial setting, homogenisation heat treatments are commonly carried out in conjunction with hot isostatic pressing (HIP). In this study, all heat treatments have been carried out at ambient pressure in a small lab furnace.
Repair welding
Manual gas tungsten arc welding (GTAW) was carried out to simulate a repair operation. Each plate was prepared by machining four linear grooves with the dimensions of 30 × 10 × 10 mm and a bottom radius of 5 mm. The welding operation was carried out by experienced welders, using a tungsten 2% thorium (WT-20) electrode. The welds were shielded by argon with a nozzle gas flow of 8-15 l/min. ATI 718Plus ® filler fire with 1.14 mm diameter was used to fill the grooves. Welding was carried out using a wide nozzle, creating a diffuse shielding gas flow. This enables a large electrode stickout to reach the bottom of the narrow welding grooves. The welding current was set to 140 A with an interpass temperature of approximately 50°C. It has to be emphasised that the chosen welding procedure represents extreme conditions regarding the weld bead geometry and the heat input. While a typical repair operation would not be carried out this way, the tough welding conditions were selected to provoke crack formation in the material.
Weld examination and microstructural characterisation
To examine the welds, six cross sections were prepared from each groove, oriented transverse to the welding direction and cut out evenly spaced along the groove length. Samples were mounted in hot mounting resin and subjected to standard automated metallographic preparation. Samples were electrolytically etched using a 10-wt% oxalic acid solution at 3 V DC for 3 to 5 s. Visual inspection of cracks has been carried out using a light optical microscope at × 200 magnification. The length of cracks was measured by following the centreline of the crack. Presented data averages total crack length (TCL) over four welding grooves (i.e. one plate). Microhardness was measured using a Shimadzu HMV-2 microhardness tester with a force of 0.5 kgf (HV0.5). A Leo 1550 FE SEM and a Zeiss Evo 50 SEM, both equipped with Oxford EDS systems, were used to perform electron microscopy on the welded samples. Image analysis for measuring the area fraction of secondary phases has been carried out with ImageJ on 5 SEM images per material condition. Atomic number contrast visible in BSE images was used to distinguish the Laves phase and Nb-rich carbides from the matrix.
To further analyse the secondary phases in the material, both phase extraction, X-ray diffraction (XRD) and TEM, with selected area (SA) diffraction and EDS were used. Powder samples for XRD analysis were produced by electrolytically dissolving the matrix phase in an electrolyte consisting of 100 ml HCl, 900 ml methanol and 17.6 g tartaric acid. A rectangular sample was polarised to 0.1 A/cm 2 . After 4 h, the extracted powder samples were filtrated using a 0.8-μm filter paper and dried. The method is described in more detail in ASTM E963 [8] . Powder XRD was subsequently carried out using a Bruker D5000 powder diffractometer with 0.01°C step size and 4 s per step. Peak analysis has been carried out using the PDF 2018+ database. To examine the alloy by TEM, samples were thinned to 100 μm thickness, followed by dimple grinding and electropolishing in 10:90 methanolic perchloric acid at − 40°C using a Struers Tenupol-3 twinjet polishing machine. The samples were investigated with a Jeol JEM-2100 field emission transmission electron microscope at 200 kV. JmatPro v. 10.1 was used for thermodynamic calculations.
A Gleeble 3800 thermomechanical simulator was used to simulate thermal and loading cycles present in the base metal HAZ during welding. Testing conditions were similar to the hot ductility test (HDT). The testing procedure is described in more detail in [9] . A heating rate of 111°C/s was used together with a peak temperature exposure time of 0.003 s and a stroke rate of 55 mm/s. Selected samples were also tested using only the thermal cycling part of the test. Fracture surfaces and cross sections cut out of the centre of test specimens were subsequently analysed using electron microscopy.
Results and discussion
Microstructural characterisation
The grain size was found to be constant over all investigated material conditions, while a significant drop in hardness could be observed for all solution heat-treated samples as compared with the as-cast condition. Grain size and hardness results are shown in Table 2 . The change in microstructure after solution heat treatments is shown in Fig. 2 , where a reduction in interdendritic secondary phases is clearly visible for all heattreated samples, albeit the 1120°C 4 h treatment being less effective than the other conditions. The area fraction of Nbrich phases as obtained by automatic image analysis is shown in Fig. 3 . With an initial amount of 5.2 ± 0.3 area% in the as-cast material, a baseline amount of~0.5 area% is reached for all but the 1120°C 4 h heat treatment. JMatPro predicts the equilibrium phase fraction of primary MC-type carbides as 0.47-0.49 wt% for the investigated homogenisation heat treatment temperature range. For a true comparison, the volume fraction would need to be computed from the image analysis results by taking the particle shape into account. This is however not attempted here, and the close apparent agreement of the results with the simulation is rather seen as an indication of what phases are expected to be present in the material.
With further microstructural investigation of precipitates using SEM EDS on as cast material, two distinct precipitate types could be identified in the microstructure. Figure 4 shows EDS spot measurements in an interdendritic area of the as-cast material, together with a BSE image indicating the measurement positions. The bright appearance of the phases in BSE mode indicates high content of heavy elements such as Nb, which is supported by the high measured intensities at the Nb-Lα position. A distinct difference in intensity between measurement points further suggests the presence of two separate phases in the interdendritic areas. Nb-rich MC-type carbides are stable phase in ATI 718Plus ® , while the Laves phase is commonly formed in Nb-bearing superalloy castings due to elemental segregation [10] .
High resolution FE-SEM imaging shows the presence of small cuboidal precipitates around the presumed Laves phase and MC carbides, Fig. 5 . The phase appears to be γ', which can explain the high hardness of the alloy in the as-cast condition. It has to be noted, however, that the γ' precipitation is not uniform but rather concentrated close to interdendritic areas around larger Nb-rich precipitates, where their particle size increased as well. Small plate-like precipitates can also be observed in close vicinity to the Laves phase/MC carbides. The morphology suggests η phase, which has been reported in ATI 718Plus ® [11] . While qualitative distinction was possible from SEM images, the phases were too small for EDS analysis.
With the preliminary assumption that both Laves phase and MC carbides are present in the as-cast microstructure, XRD scans were conducted on electrolytic phase extracts of different heat treatment conditions to confirm the dissolution of interdendritic precipitates. Figure 6 shows the results from XRD analysis with indexed peaks for the C14 Laves phase (P63/mmc, 194), NbC (Fm3m, 225) and γ' (Pm3m, 221). While the spectra for the as-cast condition and the 1120°C 4 h solution heat treatment show identical peak positions for NbC and Laves, the Laves phase peaks disappear for the 1190°C 24-h heat treatment. Additionally, significant peak shift and peak broadening can be observed. The η phase could not be identified with powder XRD, presumably owing to its relatively small phase fraction and the difficulty to distinguish phases with similar crystal structures with only small differences in lattice parameter. The η phase has a hexagonal P63/ mmc, 194 crystal structure [11] , which is similar to the more abundant Laves phase. Furthermore, the used filter size of 0.8 μm together with the small phase fraction and size of the presumed η precipitates shown in Fig. 5 makes it possible that they were not filtered out from the extraction solution.
TEM SA diffraction was used together with TEM EDS to confirm the phases present in the material. This part of the investigation was conducted on the as-cast condition, presuming that all phases observed with the SEM and XRD had the highest phase fractions in this material condition. Figure 7, 8 and 9 show TEM bright field and dark field images of the phases found in the material, together with their respective SA diffraction patterns and TEM EDS spectra. Quantitative TEM EDS results are presented in Table 3 .
For the phase shown in Fig. 7 , it can be observed that, apart from having a relatively large size, a clear peak on the Nb L-α position is present in the EDS spectrum. The diffraction patterns shown in Fig. 7c -e were indexed as a cubic Fm3m (225) crystal structure. This confirms the particle as Nb(Ti) MC-type carbide.
A phase showing EDS spectra with peaks at the Nb-Lα and Mo-Lα positions was also found during TEM analysis. Apart from the presence of other element signatures, the Nb intensity is significantly lower as compared with the Nb carbide shown in Fig. 8a , suggesting a different phase. SA diffraction analysis revealed a hexagonal crystal structure typical for the C14 Laves phase. Together with the TEM EDS results shown in Table 3 , this supports the findings of both the SEM and XRD results, where similar EDS and crystallographic signatures were observed. In the surroundings of the Laves phase, cuboidal γ' precipitates were found as well, which are shown as <110> dark field image in Fig. 9a together with the respective SA diffraction pattern in Fig. 9b , where the γ' sublattice reflections are clearly visible. The particles were found to have a maximum particle size of about 120 nm. As observed in the SEM investigation (cf. Fig. 5 ), the phase is however not uniformly present in the material and instead is only found surrounding in interdendritic precipitates. The presented maximum particle radius does not represent the total population of γ' particles. Nevertheless, their presence explains the high hardness of the as-cast condition as compared with the homogenisation heat-treated material.
Weld cracking
The difficult-to-weld groove geometry with a small bottom radius, together with a relatively high heat input as compared with typical repair welding operations produced weld cracks in all tested conditions. Cracks were found in both fusion zone (FZ) and HAZ as presented in Fig. 10a, b . Fusion zone cracking did not show a clear trend with changing base material microstructure, and the total crack length in the fusion zone was found to be generally lower than those observed in the HAZ. It can be reasonably assumed that cracking in the FZ was mostly affected by the heat input and thermal stresses generated during the welding operation. The presented results have not been normalised with respect to investigated cross-section area, which was larger for the FZ with a factor of approximately 3:1. Higher total crack length in the HAZ, combined with the smaller investigated cross-section area indicates that HAZ cracking is the more severe cracking phenomenon in this material. Furthermore, with cracking occurring in the base material, an effect of pre-weld thermal history can be observed. Both the as-cast condition and homogenisation heat treatment at 1120°C for 4 h produced a comparable TCL. All other heat treatments resulted in an increased TCL in the HAZ.
Microstructural characterisation revealed a difference in crack appearance, with short cracks for as-cast and 1120°C 4 h, while long cracks running along former solidification grain boundaries were found for the other homogenisation heat treatments. Using average crack length values instead of the TCL confirms the results of visual microstructural inspection as indicated in Fig. 11 .
The homogenisation heat treatments were most discernible by the amount of the Laves phase they could dissolve (cf. Fig. 2 and  3) . With the absence of high-Nb, low melting phases in the Laves eutectics in interdendritic areas and around the formed cracks. Cracks formed in interdendritic areas are furthermore forced to propagate following the shape of the dendrites, which causes a tortuous appearance. Cracks in the Laves-free material on the other hand propagate on relatively straight solidification grain boundaries. Grain boundary tortuosity has been found to reduce ductility-dip cracking in high-Cr filler metals due to hindering crack propagation [12] , which can be assumed to also contribute to the shorter observed crack lengths in the Lavescontaining material.
Liquation mechanism for HAZ liquation cracking
A typical marker for re-solidified liquid in Nb-bearing alloys is the presence of the gamma-Laves eutectic. Microstructural investigation of HAZ cracks found in material without the Laves phase being present before welding did not always show clear signs of liquation. Thermal cycles were not measured during the welding operation, and the manual nature of the process makes it difficult to identify the conditions and the mechanism that caused crack formation. Gleeble thermomechanical simulations were therefore used to provide a controlled environment for studying the microstructural development under short-time high temperature exposure. The thermomechanical simulations produced cracks comparable with those found in the repair welds. Homogenisation at 1120°C for 4 h shows a slightly higher stress to fracture (30 vs 25 MPa) than the material homogenised at
1190°C for 24 h when tested in the hot ductility test at 1150°C. The fracture and associated ductility, Fig. 13 , is zero for both material conditions at this test temperature, indicating significant liquation. The fracture surfaces resemble the general microstructural appearance after homogenisation heat treatment. Lower homogenisation temperature and exposure time retained a more dendritic structure, while at 1190°C, those cast features are much less visible. This led to a more dendritic fracture surface appearance with smaller features for the lower homogenisation temperature, however both samples show similar signs of liquation in the form of small freckles on the surface of grain and dendrite facets. To confirm microstructural evolution during fast heating, a set of samples was thermally cycled without externally applied load. However, even under this test condition, the material homogenised at 1190°C for 24 h fractured upon thermal exposure at 1150°C. Figure 14 shows one of the formed cracks propagating along a former solidification grain boundary. Indicated are also two NbC carbide particles showing signs of constitutional liquation in the form of gamma-Laves eutectic around the carbide particles. One of them is located on the fractured grain boundary, and it is evident that the gamma-Laves eutectic liquid spread onto the surrounding grain boundary area. Spot EDS analysis revealed a similar chemical composition as those determined with TEM measurements, cf. Table 3 .
Nb(Ti) MC-type carbides have been confirmed to be present in the microstructure of the material by both TEM and phase extraction XRD analysis. The presence of the gamma-Laves eutectics around those particles suggests that a liquation mechanism is constitutional liquation. The presence of precipitates on solidification grain boundaries can explain the high sensitivity of the material to HAZ liquation cracking since formed liquid can spread over a large area, lowering the materials' load bearing capabilities. The Laves phase dissolution during homogenisation heat treatments causes a locally increased Nb concentration. While the concentration is expected to approach that of the nominal alloy composition during homogenisation heat treatment, higher than nominal Nb concentrations can suppress the melting point of the matrix. When assuming that the liquation due to Nb segregation can be described by a pseudo-binary phase diagram [13] , the Laves eutectic temperature is the lowest possible melting temperature. While the presence of Laves phase hence can be expected to cause the presence of large amounts of liquid phase over a wider temperature range, higher Nb concentrations can increase the likelihood of constitutional liquation to occur, since less Nb has to be released from carbides to reach the critical composition for the formation of the gamma-Laves eutectics.
High homogenisation heat treatments and their associated cooling cycles have been found to create an environment where non-equilibrium boron segregation can occur at grain boundaries in Alloy 718 and ATI 718Plus ® [14, 15] . This in turn can lead to local melting point suppression and the formation of liquid during subsequent high temperature exposure. Without further investigation using, e.g. secondary-ion mass spectroscopy (SIMS), this liquid formation mechanism cannot be confirmed for ATI 718Plus ® in the present study. The boron content of the studied cast alloy can however be compared with the high boron heat investigated by Vishwakarma and Chaturvedi [15] , suggesting the presence of this type of liquation mechanism in the material. Boron increases the grain boundary wetting behaviour [16] and could hence contribute to the distribution of liquid formed due to segregation of Nb. Non-equilibrium segregation of boron however could not completely explain the negative effect of longer exposure time at 1120°C, since the segregation of boron occurs during cooling after the heat treatment and should hence be independent of exposure time. Equilibrium segregation of boron has been found to be the dominating segregation mechanism at temperatures below approximately 1100°C for Alloy 718 [14] , leaving the possibility that equilibrium segregation of boron contributes to the higher cracking susceptibility of the 1120°C 24 h samples.
The relative resistance of material with the residual eutectic gamma-Laves can be correlated to the extensive formation of liquid caused by liquation during high temperature exposure. The relative abundance of the Laves phase in the as-cast and 1120°C 4 h homogenisation material condition produces a large amount of liquid during welding. The presence of thin liquid films has been reported to promote HAZ liquation cracking [17] , while increased liquation was found to lower cracking [18] . Ojo and Chaturvedi discuss the effect of liquid film thickness by applying solidification cracking theories such as Borland's generalized theory and Pellini's theory of hot tearing [19] [20] [21] , where increased film thickness is attributed to a lower risk crack formation due to increased mobility of the liquid and the surrounding solid material. With Nb(Ti) MC-type carbides present in all studied material conditions, their liquation during welding can be assumed to be present irrespective of the thermal history. The formation of high amounts of liquid in not completely homogenised material as visible in Fig. 12a however appears to better accommodate stresses generated in the material during cooling from the weld thermal cycle, which contributes to a higher HAZ cracking resistance.
Conclusions
The microstructural evolution of cast ATI718Plus ® subjected to different homogenisation heat treatments has been studied. Secondary phases present in the as-cast condition could be identified as Nb(Ti) MC-type carbides and C14 Laves phase. All homogenisation heat treatments but 1120°C 4 h were able to completely dissolve the Laves phase.
The weld cracking response was strongly affected by base material microstructure, with the Laves phase containing microstructures showing a higher resistance to HAZ cracking as compared with the material where the Laves phase was completely dissolved during homogenisation heat treatment. Constitutional liquation could be identified as one of the liquation mechanisms in Laves-free material, where gamma-Laves eutectic has been found on former solidification grain boundaries around Nb(Ti) MC-type carbides. The large grain boundary area of those grain boundaries allows for the formation of long cracks in the base metal HAZ. Boron segregation could further enhance wetting behaviour and the spreading of liquid along solidification grain boundaries. While constitutional liquation is a possible liquation mechanism in all material condition due to the presence of Nb(Ti) MC-type carbides, a high phase fraction of Laves phase was found to lower HAZ cracking by forming thick liquid films. The abundance of liquid in the HAZ has been connected to an increased capability of the material to relax weld thermal stresses. The localization of cracks in interdendritic areas furthermore forces cracks to follow the tortuous shape of dendrite arms, hindering crack propagation. While cracking in Laves-free material is connected to constitutional liquation of Nb(Ti) MC-type carbides and boron segregation, the dominant liquation mechanism in microstructures containing Laves phase is the formation of gamma-Laves eutectics. The formation of large amounts of liquid and crack localisation in interdendritic areas links the presence of the Laves phase to an increased HAZ cracking resistance.
As-cast and 1120°C 4 h homogenised materials showed the highest weld cracking resistance, indicating that carrying out homogenisation heat treatments after welding operations could reduce weld cracking in the material. While this is not a feasible approach for the production of components, such a method could be applied to reduce weld cracking in the material when repairing cast structures.
